Water hemlock causes numerous livestock losses in North America every year. Description of pathologic and serum biochemical changes has been lacking in the literature. Tubers of western water hemlock (Cicuta douglasii) induced excessive salivation, tremors, grand mal seizures, skeletal and cardiac myodegeneration, and death in sheep given 1.2-2.7 g fresh tuber/kg body weight by gavage. Seizures were intermittent with periods of relaxation until death occurred from anoxia during seizure activity. In sheep given 1.5-2.5 times the lethal dose of water hemlock by gavage, intravenous administration of sodium pentobarbital at the onset of the first seizure prevented further seizure activity and skeletal and cardiac myodegeneration and resulted in rapid and complete recovery.
Water hemlocks (Cicuta spp.) are poisonous plants toxic than vegetative parts; therefore, if tubers are exwith wide global distribution. 17 Four species are recposed and eaten, poisoning is more likely to occur. ognized in North America. 13 Water hemlock is a pe-Although deaths in humans from water hemlock poirennial herb of the family Umbelliferae. It is often soning are relatively infrequent (5 of 58 poisonous confused with its close relative, poison hemlock (Coplant-related deaths reported in mortality files of the nium maculatum), but their toxins and modes of action Centers of Disease Control and Prevention statistics are distinctly different. Water hemlock's distinguishing from 1979 to 1988), poisoning and death continue to features include a thickened tuber at the base of the occur 19 (personal communication, Ken Smith, Monstem with a bundle of roots resembling parsnips at-tezuma, County Extension Service 1995). In humans, tached (Fig. 1A) . The cut surface of the tuber has many the acute phase is manifest by convulsions, unconcross striations or a matrix of compressed nodes and trolled neuromuscular movements, respiratory disinternodes that exude a yellow oily substance with the tress, cardiovascular changes, and metabolic acidosis. 5 odor of parsnip ( Fig. 1B) . This oily substance contains The long-term effects may include electroencephaloconcentrated quantities of the toxin and has been used graphic abnormalities (up to 3 months after poisoning) in extraction and identification experiments. 1, 2 The and occasional anxiety neurosis. 11 Full recovery was toxicant, cicutoxin (C 17 H 22 O 2 ), is a long-chain highly noted 6 months after the poisoning episode. unsaturated diol. The alcohol derivative, cicutol
The objectives of this study were 1) to determine (C 17 H 22 O), is relatively nontoxic. All species of Cicuta what dose of Cicuta douglasii would cause seizure acgrow in similar wet habitats such as swampy areas, tivity and death in sheep; 2) to describe the biochemstream beds, or marshes. 9 All species of Cicuta are ical, gross, and microscopic lesions of Cicuta intoxibelieved to be toxic, although variation in concentra-cation; and 3) to determine if pathologic and biochemtion of cicutoxin among species has been reported. 2 ical changes result directly from the toxin or secondary Water hemlock is toxic to all classes of livestock 15 to seizure activity; and 4) to determine if controlling and to humans. 11 Cattle poisonings from Cicuta are seizures with barbiturates would prevent pathologic frequently reported. 18 intoxication is reached or exceeded. Tubers are more and Rose) tubers for the preliminary trial and multidose trial were collected in northwestern Utah near the Idaho border in One Mile Canyon near Naf, ID. Tubers were collected in early spring when above-ground plants were < 15 cm tall. In Preliminary dose-response trial. Three mixed breed whitefaced ewes averaging 70 kg each were gavaged with fresh ground water hemlock tuber with root attached at a single dose of 1.4, 2.8, or 6.4 g/kg, respectively. Clinical signs of toxicity and serum biochemistry parameters were determined, and selected tissues were collected at necropsy for histopathology.
Multidose sheep trial. Based on the preliminary trial, 13 mixed-breed ewes were divided into 3 groups and administered fresh ground Cicuta tuber (Table 1) . Three ewes (group 1) were gavaged with sufficient Cicuta tuber to cause seizures and acute death in all sheep. Five ewes (group 2) were gavaged with sufficient tuber to cause sublethal clinical signs of intoxication (subacute group). Ewes in groups 1 and 2 were assigned by clinical response and not dose response after dosing with water hemlock. The last 5 ewes (group 3) were gavaged with 1.5-2.5 times the amount of tuber that was determined in the subacute group (group 2) to cause severe clinical signs of intoxication and acute death, but these ewes were administered sodium pentobarbital b (20-77 mg/kg intravenously [i.v.]) at the onset of the first seizure to control seizure activity. They were also administered atropine b (75-150 mg/ewe intramuscularly) to reduce salivary secretion during anesthesia, and lactated Ringer's solution was given as continuous slow i.v. drip until recovery. All sheep had feed withheld for 12 hr prior to gavage with Cicuta tuber material.
Blood was sampled prior to administration of Cicuta tuber and on days 1, 3, 5, and 8 following gavage. Serum glucose, calcium, total protein, albumin, creatinine, total bilirubin concentration, and lactate dehydrogenase (LDH), aspartate transaminase (AST), and creatine kinase (CK) activities were determined using a commercial analyzer c and prepared reagents; d CBCs were not done. All ewes were examined for any gross changes following death or euthanasia, and samples of brain, spinal cord, kidney, adrenal gland, lungs, spleen, pancreas, thyroid, esophagus, rumen, colon, omasum, reticulum, small intestine, heart, triceps, biceps, long digital extensor, semimembranosus, longissimus dorsi, gastrocnemius, quadriceps, extensor fascia latae, diaphragm, and intercostal muscle were collected and fixed by immersion in 10% neutral buffered formalin. Tissue was embedded, sectioned at 5 µm, and stained with hematoxylin and eosin (HE) for microscopic examination.
Statistical analysis. Blood serum biochemistry values were analyzed by repeated measures analysis of variance using a general linear models procedure. 16 Mean values in each group were compared with the pretreatment mean value.
Results
Preliminary dose-response trial. The 3 ewes gavaged with 1.4, 2.8, and 6.4 g/kg of tuber (with parsnip-like root attached), respectively, exhibited clinical signs ranging from nervousness, mildly increased salivation, and a few slight muscular fasciculations without seizures (1.4 g/kg), to seizures and recovery (2.8 g/kg), to severe seizures and sudden death (6.4 g/kg). In preliminary trials with hamsters and sheep, the tuber part of the plant was more than twice as toxic as the white parsnip-like roots (K. E. Panter, unpublished data), thus the subsequent sheep trials utilized tuber only. The lowest dose ewe (1.4 g/kg) lacked clinical signs by 8 hours after gavaging and was normal thereafter. The ewe dosed with 2.8 g/kg had nervousness, tremors, and frequent urination and defecation followed by incoordination and grand mal seizures by 2 hours after dosing. At 2 hours after gavaging, this ewe became recumbent and experienced 8 seizure episodes over the next 2 hours. Each seizure lasted 15-30 seconds and was followed by relaxation for 3-15 minutes. By 4 hours after gavaging, the ewe was able to maintain a sternal position but was unable to stand until 12 hours after gavaging. At 12 hours postgavage, the ewe was able to stand and walk but was weak and unsteady, dragged her toes while walking, and gradually improved to apparently complete recovery by day 7, at which time the ewe was euthanized and necropsied. The ewe gavaged with 6.4 g/kg died 90 minutes after dosing.
At necropsy, the ewe receiving 1.4 g/kg of tuber material lacked any significant gross and microscopic lesions, and serum biochemical parameters remained in the normal range. The ewe receiving 2.8 g/kg of tuber material and necropsied 7 days later had gross changes in the heart and selected skeletal muscle groups. By day 3, serum enzymes indicative of muscle damage were elevated: LDH = 3,280 IU/liter; AST = 3,060 IU/liter; CK = 6,570 IU/liter. The heart had multifocal pale areas (1-5 mm) in the left, right, and interventricular myocardium (Fig. 2) and pallor of the long digital extensor muscle groups (Fig. 3) . The heart and long digital extensor muscle groups had multifocal, subacute to chronic, moderate, random myofiber necrosis with regeneration of skeletal myofibers and myocardial fibrosis. The ewe administered 6.4 g/kg of tuber material did not have gross lesions at necropsy, and microscopic lesions were confined to the heart. Multifocal acute myocardial degeneration characterized by granular degeneration of myofiber cytoplasm was present.
Multidose sheep trial. The 3 sheep (group 1) administered between 1.2 and 2.5 g/kg body weight of Cicuta tuber all died between 52 and 130 minutes following gavage ( Table 1 ). The dose was inversely proportional to the time of death after gavage.
The 5 ewes in group 2 (subacute group) were gavaged with sufficient Cicuta tuber to induce seizure activity but not cause immediate death. Because of the apparent threshold effect of cicutoxin, 0.1 g/kg dose difference was enough to cause death or allow recovery from intoxication. The duration and number of seizures (Table 1) that each ewe experienced had a direct effect on the degree of serum chemistry changes and microscopic injury detected in muscle at necropsy ( Table 2) . No changes were observed in serum biochemistries for creatinine, calcium, total protein, or albumin (P ≥ 0.05). Total bilirubin increased in the sheep in this subacute group on days 3, 5, and 8 (P ≤ 0.05) and remained unchanged in the acute (group 1) and pentobarbital-treated (group 3) sheep. Elevated total bilirubin after day 3 was attributed to anorexia in the subacute group. Lactic dehydrogenase and AST remained in the normal range in the acute and pentobarbital-treated groups (P ≥ 0.05) but were elevated on days 3, 5, and 8. Maximal LDH and AST values occurred by day 3 in the subacute group (Table 3) . At postmortem examination, the only gross and micro-scopically detectable injury was to myocardium and skeletal muscle (Figs. 2, 3) ; therefore, the elevation of these enzymes is a reflection of release from these injured tissues beginning on day 3.
Ewes gavaged with a lethal dose of Cicuta and administered pentobarbital to induce anesthesia survived to the necropsy date. All ewes in this group had minimal changes in serum analytes, no gross lesions, and minimal microscopic changes in tissues examined (Ta-seizure episodes versus large changes in the sheep that had frequent, long seizure episodes. Seizure activity and muscle lesions were not caused by changes in calcium or potassium; these parameters remained in the normal range. Serum creatinine, total protein, total bilirubin, and albumin were all minimally changed through the observation period. Glucose increased (within a few hours) in all sheep on day 1 and likely reflects stress and epinephrine-induced glycogenolysis resulting from central nervous system (CNS) stimulation. The severity of the lesions was directly related to the duration and frequency of seizure activity, with longer and more frequent seizures being associated with more severe muscle and enzyme changes (Tables 1-3 ). If animals survive the episodes of seizure activity, the secondary myofiber injury will repair and biochemical parameters will return to normal. These muscle changes were likely caused by the seizure activity and severe muscle contractions that occurred. Excess motor neuron or sympathetic stimulation causing myonecrosis has been observed in strychnine or cocaine intoxication or in cases of severe physical exertion. 3, 10, 14 The toxicant, cicutoxin, is a long-chain highly unsaturated diol. 1 A simplified analytical method for detecting cicutoxin in rumen samples of poisoned cattle was recently reported, 18 which will aid in diagnosis and confirmation of livestock poisoning by water hemlock. Cicutoxin (C 17 H 22 O 2 ) is a potent neurotoxin, whereas the alcohol cicutol (C 17 H 22 O) is relatively nontoxic, as demonstrated in a mouse bioassay. 1 Similarly, the isomeric form of cicutoxin, oenanthotoxin (C 17 H 22 O 2 ) from Oenanthe crocata (hemlock water dropwort) found in England, was equally toxic, whereas oenanthetol (C 17 H 22 O) was nontoxic. 1 A similar compound found in carrots (Daucus carota L.), trans-1, 10-heptadecadiene-5, 7-diyne-3-ol (C 17 H 24 O), was toxic in mice (LD 50 = 100 mg/kg). 6 Because of the small amount of this compound found in carrots, it is not considered a human health concern.
Cicutoxin causes seizures resembling those induced by picrotoxin; both result from stimulation of the brain stem. 8 In mice, cicutoxin was 6 times more toxic than picrotoxin and a more potent respiratory stimulant for pentobarbitone overdose antagonism. 8 With both toxins, the clinical signs and subsequent death and gross or microscopic lesions were prevented with barbiturate anesthesia. The exact mechanism of action of cicutoxin is unknown but is probably similar to that of picrotoxin from the East Indies shrub Anamirta coculus. Picrotoxin and cicutoxin are both nonnitrogenous plant toxins. Picrotoxin can be broken down into an active portion, picrotoxinin, and an inactive portion, picrotin. 7 The pharmacologic action of picrotoxin is one of CNS stimulation. Its action is at the cerebrospinal axis, and in mammals it stimulates the cortex, with the most prominent effect on the midbrain and medulla. 7 With larger doses, the spinal cord is also affected. No appreciable effect is seen until high enough doses are given to induce convulsive seizures (narrow threshold). As in water hemlock poisoning, barbiturates prevented seizures. 8 The lesions seen in the heart and muscles of those animals showing convulsions were secondary to the CNS-stimulated muscular contractions demonstrated here with water hemlock.
Water hemlock-induced poisoning is economically important to livestock producers; most cases result in death of the animal. Even though recovery from the i.v. administration of pentobarbital is rapid and remarkable, this treatment is probably not practical in the field. Understanding the plant's potential for toxicity and controlling its invasion of pastures and streambeds is the best way to prevent livestock losses.
